ABSTRACT A comparative study of the proton and carbon-13 nuclear magnetic resonance spectral parameters of the peptide hormone oxytocin and of its competitive inhibitor [1-L-penicillamineloxytocin has been made, and the results analyzed in terms of comparative conformational and dynamic properties. The results indicate that oxytocin has a flexible conformation, while [1-L-penicillamineJoxytocin has a more restricted conformation. The results provide a framework for understanding the mechanism of peptide hormone agonism and antagonism for these compounds, and an approach for understanding some features of the interaction of the hormone and related compounds with their receptor. Nuclear magnetic resonance (NMR) spectroscopy has been widely used to investigate the three-dimensional structure of small peptides in solution (1). The mean conformation obtained is generally an average of a manifold of conformations, and the question arises of the application of these findings to the biological activity for these compounds. Even if the hypothesis that the native conformation of a protein is the one of lowest free energy (2) is accepted, this cannot necessarily be extrapolated to the case of small peptides with biological activity (3, 4). From NMR and other conformational studies, information regarding the biologically active conformation(s) cannot generally be obtained in an absolute manner unless the following conditions can be met: (a) the peptide is flexible in solution and criteria can be established for a direct unequivocal relationship between the mean conformation in solution and that adapted by the hormone at the receptor, or (b) the conformation is so rigid that we can assume it will not be significantly modified by interaction with the receptor.
was suggested some time ago (6) , and there is increasing evidence (1, (7) (8) (9) that small peptide hormones do not have a rigid solution conformation.
In this paper, we report on a comparative conformational study of the peptide hormone oxytocin, Cys-Tyr-Ile-Gln-Asnys-Pro-Leu-Gly-NH2, and [1-L-penicillaminejoxytocin, §I C(CH3)2CH(NH2)CO-Tyr-IIe-G.n-Asn-C5ys-Pro-Leu-Gly-NH2
([Penl'oxytocin), a competitive inhibitor of oxytocin (ref. 10 and refs. therein), in aqueous solution. From these studies we suggest that the conformational flexibility of oxytocin is an important property for its agonist activity at the receptor, and that the antagonist activity of [Penl] oxytocin is related to its relative coformational rigidity. We also briefly discuss the effect of relative rigidity on the binding kinetics of the antagonist and its consequence in an in vitro bioassay.
MATERIALS AND METHODS
Oxytocin and [Penl]oxytocin were synthesized and purified by standard procedures (10) . The compounds have identical proton NMR spectra (7, 12) and biological properties as previously reported. Carbon-13 and T, measurements were made at Arizona on a Bruker WH-90 FT spectrometer. T, data were acquired using a 1800-r-90'-t. pulse sequence, where t.o is at least five times the longest T1. The experimental error is ±10-15%. The high-resolution proton NMR spectra were obtained on Varian Associates HR-300 or Bruker HX-270 NMR spectrometers. For the proton NMR experiments, concentrations were 5 mg/ml. A drop of t-butan[2H]ol was used as internal reference.
RESULTS
The results and conclusions presented here were made using aqueous (H20, D20) solutions of oxytocin and [Penl]oxytocin. A similar study was also attempted using dimethylsulfoxide solutions, but could not be readily done or interpreted due to a molecular association or interaction of these compounds in this solvent (12, 13) .
A 300 MHz proton NMR spectrum of [Pen']oxytocin in H20 (D20) is shown in Fig. 1 along with the assignments as determined by double resonance and other experiments as previously described for oxytocin (7) . Tables 1 and 2 summarize the chemical shift and coupling constant [JNH-aCH, JaCH-flCH(JaA), JaCH-a'CH(Jar), and JfCH-A'CH(J,6t3)1 parameters for oxytocin and [Penl]oxytocin used in a partial computer simulation (12) of the spectra. The temperature dependnce of the peptide NH protons in [Pen']oxytocin (12) and oxytocin (7) were determined, and are the same as previously reported. The fractional populations p(a), p(b), p(c) of rotational isomers around the C-CaC bonds in oxytocin and [Penl] oxytocin were calculated from data in Tables I and 2 by standard procedures (14) , and the results are reported in Table 3 .
The 13C NMR spectrum of [Penl] oxytocin in D20 was obtained and assigned (Fig. 2) ; the aromatic carbons(not shown) were also assigned. The assignments were made by comparison of the spectrum of [Pen'loxytocin with oxytocin (15) , [Penl, Leu2joxytocin, and several deuterated derivatives of oxytocin (V. J. Hruby, J.-P. Meraldi (12) . This indicates that these two protons are shielded from solvent over a wide temperature range and could be involved in intramolecular hydrogen bonding (26) . Whether these protons are hydrogen bonded or "buried" in the molecule, these results present further evidence for a degree of rigidity in the conformation since, in a small peptide like [Penl] oxytocin, no proton is far from solvent and if the ring moiety is highly flexible, every amide proton would be in contact with solvent some of the time.
In Table 3 (31) (32) (33) (34) (35) (36) (37) (38) . We further predict that for small peptide hormones, an analog designed to reduce the flexibility of the hormone has a high probability of either reduced agonist bio- (34) . oxytocin, has an inhibitory activity (36) 
